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Objective: Chondrocyte dedifferentiation is known to inﬂuence cell mechanics leading to alterations in
cell function. This study examined the inﬂuence of chondrocyte dedifferentiation in monolayer on cell
viscoelastic properties and associated changes in actin organisation, bleb formation and membrane-actin
cortex interaction.
Method: Micropipette aspiration was used to estimate the viscoelastic properties of freshly isolated
articular chondrocytes and the same cells after passage in monolayer. Studies quantiﬁed the cell
membrane-actin cortex adhesion by measuring the critical pressure required for membrane detachment
and bleb formation. We then examined the expression of ezrin, radixin and moesin (ERM) proteins which
are involved in linking the membrane and actin cortex and combined this with theoretical modelling of
bleb dynamics.
Results: Dedifferentiated chondrocytes at passage 1 (P1) were found to be stiffer compared to freshly
isolated chondrocytes (P0), with equilibrium modulus values of 0.40 and 0.16 kPa respectively. The
critical pressure increased from 0.59 kPa at P0 to 0.74 kPa at P1. Dedifferentiated cells at P1 exhibited
increased cortical F-actin organisation and increased expression of total and phosphorylated ERM pro-
teins compared to cells at P0. Theoretical modelling conﬁrmed the importance of membrane-actin cortex
adhesion in regulating bleb formation and effective cellular elastic modulus.
Conclusion: This study demonstrates that chondrocyte dedifferentiation in monolayer strengthens
membrane-actin cortex adhesion associated with increased F-actin organisation and up-regulation of
ERM protein expression. Thus dedifferentiated cells have reduced susceptibility to bleb formation which
increases cell modulus and may also regulate other fundamental aspects of cell function such as
mechanotransduction and migration.
© 2015 The Authors. Published by Elsevier Ltd and Osteoarthritis Research Society International. This is
an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).Introduction
Expansion of articular chondrocytes in monolayer culture is
required for tissue engineering and cell therapy applications such
as autologous chondrocyte implantation. A fundamental problem
for tissue engineering is to achieve a sufﬁcient amount of cells
required to produce enough tissue to ﬁll the defect site during
surgery1. Relatively few methods have been used to obtain a fasto: M.M. Knight, Institute of
terials Science, Queen Mary
ited Kingdom. Tel: 44-(0)20-
ight).
r Ltd and Osteoarthritis Research Sproliferation rate of cells needed for these approaches2. Chon-
drocyte expansion in monolayer is also routinely used in research
studies. However, culture in monolayer is associated with dedif-
ferentiation and changes in phenotype. These changes have been
demonstrated in both morphological and gene expression levels3.
Chondrocyte dedifferentiation in monolayer was characterized by
the loss of collage type II and increase in collagen type I gene
expression4,5.
Previous studies have reported that expansion inmonolayer and
associated dedifferentiation is driven by alterations in actin cyto-
skeletal organization. Chondrocytes in monolayer have shown
remarkable changes in F-actin structure by forming well deﬁned
stress ﬁbres and exhibiting more ﬁbroblast like phenotype6. Other
studies report that dedifferentiation in monolayer also induces
changes in cellular viscoelastic behaviour determined by atomicociety International. This is an open access article under the CC BY license (http://
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structure and mechanics during expansion in monolayer. However
numerous previous studies have demonstrated that themechanical
properties of the extracellular environment inﬂuence cell me-
chanics both in 2D8e12 and in 3D13e16.
The cellular mechanical properties are known to be inﬂuenced
by the organization of the actin cytoskeleton17, disruption of F-actin
structure by pharmacological agents reduces cell stiffness18.
Cortical actin together with the cell membrane is connected via
linker proteins such as ezrin, radixin and moesin (ERM) and play a
key role in processes such, cell mechanical properties19. Previously
we have shown that the interaction between the actin cortex and
the cell membrane regulates changes in stem cell deformation
behaviour and apparent mechanical properties during chondro-
genic differentiation20.
In this study we test the hypothesis that chondrocyte expansion
and dedifferentiation in monolayer alters the adhesion between
the membrane and the actin cortex and that this regulates the
cellular mechanical properties as determined by micropipette
aspiration. We use a combination of experimental and analytical
modelling and show that culture in monolayer increases the
modulus of isolated bovine chondrocytes.We demonstrate that this
biomechanical change is mediated by an increase in the strength of
the membrane-actin cortex adhesion which reduces susceptibility
to bleb formation. This increased cortex adhesion is associated with
increased expression of ERM the membrane-actin cortex linker
proteins as well as increased cortical actin organization. These
studies therefore demonstrate for the ﬁrst time, that chondrocyte
expansion in monolayer increases the adhesion between the
membrane and the actin cortex leading to alterations in cellular
deformation, bleb formation and mechanical properties.Methods
Chemicals
Dulbecco's Minimal Essential Medium (DMEM), Dulbecco's
Modiﬁed Eagle Media (DMEM) low glucose (Pyruvate, no L-Gluta-
mine, no Phenol Red) (Gibco, Paisley, UK); foetal bovine serum
(FBS), penicillin/streptomycin, HEPES solution 1 M, Trypsin/EDTA,
phosphate buffered saline, L-ascorbic acid, L-Glutamine 200 mM,
Sigmacote solution, immersion oil, Triton X-100, paraformaldehyde
(PFA), Sodium chloride, Sodium dodecyl sulphate (SDS), Trizma
base, IGEPAL CA-630 (NP-40), Tween 20 (SigmaeAldrich, Pode,
UK); 4 Laemmli buffer (Bio-Rad, Hemel Hempstead, UK); phal-
loidin (Alexa Fluor555), ProLong Gold (Invitrogen, Paisley, UK);
primary antibody rabbit polyclonal ERM, primary antibody rabbit
monoclonal phosphorylated Ezrin/Radixin/Moesin (pERM) (Cell
Signaling Technology, Leiden, Netherlands); primary antibody
mouse monoclonal anti-b-tubulin (Sigma Aldrich); 680RD Donkey
anti Mouse IgG, 800CW Donkey anti Rabbit IgG (LI-COR Bio-
sciences, Cambridge, UK); Sodium deoxycholate (Alfa Aesar,
Lancashire, UK).Cell isolation and culture
Chondrocytes were isolated from bovine steers and suspended
or cultured in Dulbecco's Minimal Essential Medium with 16%
FBS, 1% penicillin/streptomycin, 2 mM L-glutamine, 16 mM
Herpes buffer, and 0.075 g L-ascorbic acid. Detailed description of
cell isolation and culture are presented in Supplementary
Information (SI).Micropipette aspiration technique and protocols
Micropipette aspiration was used to determine the viscoelastic
properties of P0 and P1 chondrocytes as described in previous
studies21,22. A peristaltic pump (MCD standard, ISMATEC) was used
to provide precise temporal control over the head of water and
hence the aspiration pressure. Micropipettes were made by draw-
ing borosilicate glass capillary tubes (1.0 mm outer diameter and
0.58 mm inner diameter, Narishige, Japan) with a programmable
pipette puller (Flaming/Brown micropipette puller, model P-97,
Sutter Instruments Co., USA). Themicropipetteswere fractured on a
microforge (MF-900, Narishige, Japan) to obtain an inner diameter
of approximately 5e6 mm. The micropipettes were coated with
Sigmacote to reduce friction and prevent cell adhesion. The mi-
cropipettes then were ﬁlled with imaging medium (IM) and placed
in a holder controlled by a micromanipulator (Patchman NP2,
Eppendorf, Germany). A cell suspension prepared in IM was placed
in a chamber at room temperature on the inverted stage of a
confocal microscope (TCS SP2, Leica Microsystems) with a 63/1.4
NA oil immersion objective lens. Cells were partially aspirated in-
side a micropipette by applying a step negative suction pressure of
0.76 kPa in 2 s (0.38 kPa/s). A confocal microscope was used to
capture brightﬁeld images every 2 s over a 180 s period. Temporal
changes in cell aspiration length into the micropipette were
measured from the images using MatLab and ﬁtted using well-
established standard linear solid theoretical (SLS) model to esti-
mate the cellular equilibrium moduli, instantaneous moduli and
viscosity23. All micropipette experiments were conducted within
1 h following cell trypsinization and detachment from monolayer
culture.
In addition, the brightﬁeld images were used to estimate per-
centage of cells showing membrane-actin cortex detachment dur-
ing micropipette aspiration. To estimate the critical pressure for
membrane-actin cortex detachment, micropipette aspiration was
repeated with cells subjected to a step negative pressure of 0.11,
0.32 or 0.54 kPa applied at a rate of 0.38 kPa/s and held for 180 s.
The percentage of cells showed blebbing at each pressure was
observed from brightﬁeld images.
The micropipette aspiration protocol was then modiﬁed to
provide a more precise estimate of the critical pressure required for
membrane-actin cortex detachment. For this approach individual
cells were subjected to negative pressure in a series of seven in-
crements of 0.147 kPa up to a maximum pressure of 1.03 kPa. The
protocol was initiated by applying negative pressure increments at
a rate of 0.38 kPa/s with 5 s between increments such that the
average pressure rate was 0.024 kPa. The critical pressure required
for membrane-actin cortex detachment was taken as the pressure
at which a membrane bleb was initiated. All experiments were
conducted within 1 h following cell trypsinization and detachment
from monolayer culture.Membrane-actin cortex interaction model
The model for multi blebbing dynamics adopted in the current
study is described in our previous paper20. It is similar to that
proposed by Brugues et al.24, but contains a smaller number of
experimental parameters. In the model, the time-dependent aspi-
rated length L is assumed to satisfy:
h
dL
dt
¼ Dp GmbrðL L0Þ  Gctx

L L* (1)
where t is the time variable, Dp is the applied suction pressure, L* is
a reference length, GmbrðL L0Þ is a linear elastic term representing
the resistive pressure due to stretching of the lipid membrane, and
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attached to the membrane. The unsteady term h dL=dt on the left
hand side models the viscous dissipation within the cell and the
friction with the pipette wall. To model blebbing, the elastic pres-
sure due to the cortex, proportional to the difference between the
current protrusion length L and the length L* corresponding to the
previous membrane-cortex detachment time, is set to zero when a
critical pressure DPc is reached. This condition represents the onset
of an adhesive failure between membrane and cortex. Physical
features that can affect the value of the critical pressure are the
thickness of the cortex, the bending and dilatational modulus of the
cortex, the area density of linkers, the maximum tensile strength of
each linker, and potentially the presence of regions with low
adhesion strength (“surface defects”) from which the debonding
process can nucleate. In the absence of detailed information about
these processes, in our model the critical pressure is considered as
an input parameter.
Previous studies have used a bare membrane compressibility
modulus of kmbr ¼ 0.8mN/m24. This was used to calculate the
membrane elastic constant Gmbrykmbr=R2c with Rc being the initial
radius of curvature of the portion of the cell outside of the pipette
(See SI Table and Sliogeryte et al.20). This yielded a value of 18 Pa/mm
which was therefore adopted in the present study. Thus the char-
acteristic membrane tension, gmbryGR2P=2y63pN=mm, where Rp is
the internal pipette radius. The observed average value of the
equilibrium length for non-blebbing cells is Leq ¼ 9.2 mm. This al-
lows calculation of the sum of cortex and membrane elastic con-
stant as Gcortex þ Gmbr ¼ Dp=ðLeq  L0Þ ¼ 104pa=mm. Hence using
Gmbr ¼ 18 Pa/mm, the estimated value of the cortex elastic constant,
Gcxt ¼ 86 Pa/mm. More information on the model and on the
parameter choice can be found in our previous publication20.
Actin visualisation and western blots analyses
Cortical actin in ﬁxed P0 and P1 chondrocytes was visualised by
confocal microscopy and quantiﬁed as detailed in previous
studies13. Western blot analysis was performed to quantify the
amount of total and phosphorylated ERM linker proteins. Detailed
description of both actin visualisation and western blots are pre-
sented in Supplementary Information (SI).
Statistical analysis
Statistical analyses were performed using GraphPad Prism 5
software. Chondrocytes were isolated from two donors for each
experiment. Aspiration experiments were repeated at least twice
for each condition. Normality testing (Shapiro-Wilk) was per-
formed for all experiments. For non-parametric statistics, the data
assumed not Gaussian distributed, was analysed using Man-
neWhitney U test and presented as a populationwithmedian value
indicated by bar. For parametric statistics, the data was assumed as
Gaussian distributed and analysed using unpaired Student's t test.
Data is presented as mean value with 95% conﬁdence interval (CI).
Chi-squared test was used to examine the differences between two
or three proportions. Differences were considered statistically sig-
niﬁcant at P < 0.05 unless otherwise stated.
Results
Monolayer culture increases chondrocyte modulus
The viscoelastic properties of chondrocytes in suspension were
measured using the well-established micropipette aspiration
technique. In order to understand the inﬂuence of expansion in
monolayer and associated dedifferentiation two groups of cellswere tested, namely freshly isolated primary chondrocytes (P0) and
cells cultured in monolayer for 9 days until passage 1 (P1). Indi-
vidual cells were subjected to a step negative pressure of 0.76 kPa
applied over 2 s (0.38 kPa/s) which was then maintained for 180 s.
Brightﬁeld images of a representative cell from both groups are
presented in Fig. 1(A). The number of cells tested in each experi-
mental group is indicated in Table I. For both P0 and P1 groups, 84%
of chondrocytes were successfully aspirated yielding a character-
istic temporal change in aspirated length [Fig. 1 (B) and (C)]. As in
previous studies20, cells were classiﬁed into three different modes
of deformation response based on the change in aspirated length
from 120 to 180 s as shown in Fig. 1 (B) for representative cells from
eachmode. Cells for which aspirated length increased or decreased,
by greater than 5% from 120 to 180 s were classiﬁed as ‘increase’
and ‘decrease’ respectively. Cells that exhibited changes in aspi-
rated length less than 5% were classiﬁed as ‘equilibrate’. At both P0
and P1 the majority of cells (>80%) were classiﬁed as equilibrate
[Fig. 1 (C)]. However, at P1 there was a reduction in the percentage
of cells showing the ‘increase’ mode and an increase in the per-
centage of cells reaching approximate equilibrium (‘equilibrate’
mode). Furthermore, at P1 about 4% of cells exhibited a retraction in
aspirated length (‘decrease’ mode) which was not observed in any
cells at P0. These differences in the percentages of cells exhibiting
each mode of response were statistically signiﬁcant difference
(P < 0.05).
At P1 the aspirated length at 180 s was signiﬁcantly shorter than
that at P0 suggesting that passage in monolayer increases cell
stiffness [Fig. 1 (D)]. The temporal change in aspirated length was
ﬁtted by the analytical SLS model using Matlab. The percentage of
cells for which the SLS model accurately ﬁtted, as deﬁned by an R2
values less than 0.95, was slightly lower at P1 compared to P0 with
values of 66% and 75% respectively (Table I). Based on the SLS
model, chondrocytes at P1 were found to have a greater equilib-
rium modulus compared to those at P0 with median values of
0.40 kPa at P1 and 0.16 kPa at P0, the difference being statistically
signiﬁcant [Fig. 1 (E)]. There were no signiﬁcant differences be-
tween P0 and P1 in terms of the instantaneous modulus or the
viscosity [Fig. 1 (F) and (G)].
Monolayer culture reduces mechanically induced bleb formation
Further studies were conducted to understand the mechanism
responsible for the increase in cellular equilibrium modulus
following chondrocyte passage and associated dedifferentiation.
Previously we have shown that increased susceptibility to form
membrane blebs during micropipette aspiration can cause cells to
appear softer with a reduced equilibrium modulus20,21. Thus we
hypothesised that the increased modulus for cells at P1 is due to
reduced susceptibility to bleb formation and hence a reduction in
the number of cells which bleb during micropipette aspiration. At
an aspiration pressure of 0.76 kPa, a subpopulation of chondrocytes
formed one or more membrane blebs at the leading edge of the
aspirated part of the cell within the micropipette [Fig. 2 (A)]. This
phenomenon was visible from brightﬁeld images such that blebs
appeared relatively transparent and extended rapidly within the
micropipette. Where, multi blebbing behaviour was observed, the
ﬁrst bleb was followed by a subsequent bleb initiating from the
leading edge of the ﬁrst bleb. In some cases as many as 3e5 sepa-
rate blebs occurred in quick succession over the 180 s (see Sup-
plementary Movie 1). More than 80% of P0 chondrocytes
demonstrated blebbing compared to 42% at P1 [Fig. 2 (B)].
Furthermore there was a change in nature of the blebbing with all
blebbing cells at P0 exhibited only one bleb compared to cells at P1
where 37% of cells showedmulti blebbing behaviour, the difference
being statistically signiﬁcant (P < 0.001).
Fig. 1. Culture of chondrocyte in monolayer is associated with increased equilibrium modulus as determined by micropipette aspiration. (A) Brightﬁeld images of repre-
sentative P0 and P1 chondrocytes aspirated into the micropipette at 6, 30, 60, 120 and 180 s time points. Scale bars 10 mm. (B) Representative temporal changes in aspirated length
for the three different types of cell behaviour inside the micropipette based on the change in aspiration length from 120 to 180 s after the application of aspiration pressure. (C)
There were signiﬁcant differences in the percentages of P0 and P1 chondrocytes exhibiting each type of behaviour. (Chi-squared test). (D) Aspirated length at 180 s, (E) equilibrium
modulus, (F) instantaneous modulus and (G) viscosity of P0 and P1 cells. The data is presented as a population with median value indicated by bar (n ¼ 55e66). Data was analysed
by ManneWhitney U test.
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Micropipette aspiration was used to determine the effect of
monolayer culture on the membrane-actin cortex adhesionTable I
Number of chondrocytes used for aspiration experiments
Cell type Total no.
of cells
No. of successfully
aspirated cells
No. used for
model R2 > 0.95
Chondrocytes (P0) 88 (100%) 74 (84%) 66 (75%)
Chondrocytes (P1) 83 (100%) 70 (84%) 55 (66%)strength. Chondrocytes at P0 and P1 were subjected to an aspira-
tion pressure of either 0.11, 0.32, 0.54 or 0.76 kPa applied rapidly at
a rate of 0.38 kPa/s [Fig. S1(A)]. Cells were imaged for the following
180 s and bleb initiation and growth was observed from brightﬁeld
images [Fig. 3 (A)]. At the lowest aspiration pressure of 0.11 kPa,
only 3% of cells showed bleb formation with no difference between
P0 and P1 cells [Fig. 3 (B)]. With increased aspirated pressure there
was an increase in the percentage of cells showing blebs. However,
cells at P0 had a greater tendency to form blebs compared to cells at
P1, the difference being statistically signiﬁcant at all pressures
tested above 0.11 kPa. Interestingly this increased percentage of
blebbing cells was due to an additional subpopulation of approxi-
mately 30% of P0 cells for which bleb initiation occurred at pressure
between 0.11 and 0.32 kPa. To provide an estimate of the critical
pressure for membrane-cortex detachment and bleb initiation, the
Fig. 2. Culture of chondrocyte in monolayer reduces bleb formation during
micropipette aspiration. (A) Examples of brightﬁeld images of cells at time points 6,
60 and 180 s, showing different bleb behaviour inside the pipette. Cells with no blebs
move smoothly inside the pipette without membrane protrusions. Cells with one bleb
show membrane detachment and a transparent bleb which elongates rapidly. Cells
with multi blebbing move inside the pipette by forming successive membrane blebs.
White arrow heads indicate the leading edge of the cell. Scale bars represent 10 mm. (B)
Percentages of cells exhibiting different modes of bleb formation. P0 and P1 chon-
drocytes show statistically signiﬁcant differences. Data is presented from (n ¼ 55e66)
and analysed by Chi-squared test.
Fig. 3. Culture of chondrocyte in monolayer strengthens membrane-actin cortex
adhesion thereby reducing blebability. (A) Representative brightﬁeld images of a
single cell showing the membrane detachment from the actin cortex at 6 s after the
application of aspiration pressure. Lower images show a magniﬁed view of the leading
edge inside the micropipette. Scale bars represent 10 mm. (B) Percentage of both P0 and
P1 chondrocytes showing bleb formation in response to applied pressures. Data is
presented from two independent experiments (n ¼ 14e82 cells) and analysed by Chi-
squared test. (C) Scatter plot showing the critical pressure required for membrane
detachment for P0 and P1 cells (n ¼ 52e60 cells). Data is presented as a population
with median value indicated by bar. Data analysed by ManneWhitney U test.
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ously described20.
Individual chondrocytes at P0 and P1 were subjected to aspi-
ration pressure applied as a series of seven increments of approx-
imately 0.147 kPa with an overall pressure rate of 0.024 kPa/s
[Fig. S1 (B)]. There was a signiﬁcant difference between P0 and P1
cells in terms of the critical pressure at which membrane-actin
cortex detachment occurred, as identiﬁed from brightﬁeld micro-
scopy images. Chondrocytes at P1 exhibited a higher critical pres-
sure with median value of 0.74 kPa compared to 0.59 kPa, for P0
cells, the difference being statistically signiﬁcant [Fig. 3 (C)].Modelling of membrane-cortex interaction and its effect on cellular
mechanical properties
We have previously developed and validated a model for multi
blebbing dynamics during micropipette aspiration20. We here use
this model to investigate whether the alterations in chondrocyte
viscoelastic mechanical properties from P0 to P1 (Fig. 1) are driven
by the changes in membrane-actin cortex adhesion and blebability
(Figs. 2 and 3). The model incorporates constants deﬁning the
critical pressure for membrane-actin cortex detachment (DPc) as
well as the combined stiffness of the membrane and actin cortex.
We have previously used this model with micropipette aspirationto demonstrate that the increased cell stiffness associated with
chondrogenic differentiation of mesenchymal stem cells is driven
by greater membrane-actin cortex adhesion20. When the applied
pressure (DP) is greater than the critical pressure (DPc), the mem-
brane is detached from the actin cortex and blebbing occurs.
Figure 4 (A) presents a schematic illustration of the three main
stages of cell aspiration into the micropipette as covered by this
model, namely: (1) initial cell deformation, (2) membrane-actin
cortex detachment and bleb initiation, and (3) actin cortex refor-
mation. Here we use the model to predict the temporal change in
cell aspirated length during micropipette aspiration [Fig. 4 (B)]. The
effective equilibrium modulus is proportional to the effective
Fig. 4. Theoretical model of cell membrane-actin cortex interaction demonstrates that alterations in adhesion strength from P0 to P1 are sufﬁcient to cause the observed
changes in equilibrium modulus. (A) Representative illustration of membrane-actin cortex detachment and reformation during micropipette aspiration. (B) Theoretically esti-
mated changes of aspirated length during the micropipette aspiration at same pressure as used experimentally. Curves are indicating inﬂuences in aspirated length by changes of
the membrane-actin cortex detachment pressure (Dpc). (C) The effective equilibrium elastic modulus plotted as a function of Dpc/Dp, for Gmbr ¼ 18 Pa/mm. (D) The plot of
experimentally and theoretically estimated equilibrium moduli of P0 and P1 chondrocytes.
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simulation for cells showingmultiple, single or no blebs. The results
of this bleb-based model shown in Fig. 4 (C), demonstrate that the
effective equilibriummodulus is dependent on the critical pressure
for bleb initiation, plotted here relative to the applied pressure
(DPc/DP). Cells with a larger critical pressure have a larger effective
equilibrium modulus up to a maximum value of DPc/DP ¼ 0.87.
From the experimental data, the critical pressures for membrane-
actin cortex detachment for P0 and P1 chondrocytes were
0.59 kPa (DPc/DP ¼ 0.78) and 0.74 kPa (DPc/DP ¼ 0.91) respectively
[Fig. 3 (C)]. Based on these critical detachment pressures, the bleb-
based model predicts equilibrium moduli of 0.22 kPa at P0 and
0.41 kPa at P1 [Fig. 4 (D)]. These match closely with the values of
0.16 kPa and 0.40 kPa calculated by ﬁtting the experimental aspi-
rated length data with the SLS model as shown in Fig. 1.Fig. 5. Chondrocyte dedifferentiation increases cortical F-actin organization. (A)
Confocal images showing increased F-actin staining in P1 chondrocytes compared to
P0 chondrocytes in suspension. F-actin was labelled with Alexa-phalloidin (red). Scale
bar represents 10 mm. (B) Scatter plot showing the increased cortical actin staining
intensity for P1 cells in suspension compared to P0 cells. Data is presented as a mean
with 95% CI. Data was presented from (n ¼ 50e51) and analysed by unpaired Student's
t test.Monolayer culture increases cortical F-actin organization and ERM
protein expression
Previous studies have shown that the strength of the
membrane-actin cortex adhesion and the stiffness of the cell are
associated with the organization of the cortical actin25. Therefore
the present study examined whether chondrocyte passage in
monolayer inﬂuences cortical F-actin. P0 and P1 chondrocytes were
ﬁxed, labelled with Alexa Fluor555-phalloidin and imaged using
confocal microscopy. Fluorescent images of cortical actin in repre-
sentative P0 and P1 chondrocytes are presented in Fig. 5 (A). At P1
chondrocytes exhibited a thicker actin cortex compared to P0 cells.
The quantitative analysis of ﬂuorescent images demonstrated that
the ﬂuorescence intensity of the cortical F-actin staining signiﬁ-
cantly increased from P0 to P1 [Fig. 5 (B)].
In addition, the expression of membrane-actin cortex linker
proteins, ERM, were measured using western blotting analysis, inP0 and P1 chondrocytes. The quantitative analyses of total ERM and
phosphorylated ERM proteins show that both proteins increased at
P1 compared to P0, the differences being statistically signiﬁcantly.
Thus, the increases in ERM expression and cortical actin staining
are consistent with the increased membrane-actin cortex adhesion
[Fig. 6 (A) and (B)].
Fig. 6. Chondrocyte passage increases ERM protein expression. Western blot analysis showing increased (A) total ERM protein and (B) phosphorylated ERM protein levels in P0
and P1 chondrocytes. Data is normalised to b-tubulin. Data is presented as mean with 95% CI. Data was presented from (n ¼ 4e5) and analysed by unpaired Student's t test.
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This study set out to examine the biomechanics of isolated
chondrocytes and the effect of prior expansion in monolayer. A
variety of experimental techniques have been proposed for mea-
surement of cellular mechanical properties, including atomic force
microscopy, microcompression, compression in low modulus 3D
gels, optical stretcher and real-time cytometry15,26e31. In the pre-
sent study we have used micropipette aspiration which has been
widely used for the study of chondrocyte biomechanics and is ideal
for quantiﬁcation of the adhesion between the membrane and the
actin cortex. Freshly isolated articular chondrocytes (P0) and the
same cells following 9 days in monolayer culture (P1) both
exhibited characteristic viscoelastic behaviour when subjected to
micropipette aspiration in suspension. This time-dependent
deformation was accurately ﬁtted using the SLS model as has been
previously reported for chondrocytes22,32,33 and other cell
types23,34,35. The resulting instantaneous and equilibrium moduli
and viscosity values were similar to published values for chon-
drocytes7. However, this study shows that the effective equilibrium
modulus of chondrocytes increases following culture in monolayer
(Fig. 1). These changes appear after the ﬁrst passage in monolayer
and are associated with dedifferentiation towards a more ﬁbro-
blastic phenotype6. In addition chondrocytes cultured in mono-
layer to P1 exhibited reduced susceptibility to bleb formation
during aspiration (Fig. 2). This reduced blebbing at P1 indicates
strengthening of the bond between the cell membrane and the
underlying actin cortex. Previously, the authors have shown that
strengthening of this bond causes an increase in the effective
equilibrium modulus during differentiation of mesenchymal stem
cells towards a chondrogenic lineage20. The present study therefore
went on to test the hypothesis that the observed increase in
chondrocyte equilibrium modulus with expansion in monolayer is
due to increased membrane-actin cortex adhesion driven by
changes in cellular structure.
Using a modiﬁed micropipette aspiration protocol we show that
the critical pressure for bleb initiation (DPc), i.e., the strength of the
membrane-actin cortex adhesion, is increased from P0 to P1
(Fig. 3). This agrees with the measured reduction in bleb formation
from P0 to P1 (Fig. 2). A theoretical model was used to further
illustrate the inﬂuence of membrane-actin cortex adhesion on cell
deformation duringmicropipette aspiration (Fig. 4). The model also
predicted the effective equilibrium modulus based on the criticalpressure for membrane detachment and bleb initiation. Using this
model with the experimental measurements of DPc at P0 and P1
(Fig. 3), the predicted equilibrium moduli values agree closely with
those determined by ﬁtting the experimental deformation data
with the SLS model (Fig. 1). This conﬁrms that an important
contribution to the increased effective equilibriummodulus at P1 is
due to the strengthening of the membrane-actin cortex adhesion
and the resulting reduction in bleb formation. Future modelling of
bleb based phenomena may include the use of more complex
particle based models with 3D interface tracking methods36.
The mechanism responsible for this change in membrane-actin
cortex adhesion may involve changes in either the cortical actin
cytoskeleton and/or the expression of the ERM linker proteins;
ERM. Using a quantitative confocal microscopy approach, we
showed that cortical actin organization in rounded chondrocytes in
suspension was more pronounced following culture in monolayer.
The effects of this change in actin are unclear. As well as indirectly
inﬂuencing the membrane-actin cortex adhesion, this increased
actin may also directly increase the stiffness of the cell37. Alterna-
tively the increased contractile actin will increase the cortical ten-
sion thereby increasing the intracellular pressure which may
reduce the applied pressure required for membrane detachment.
Therewas also an increase in expression of both phosphorylated
and non-phosphorylated ERM proteins from P0 to P1. This agrees
with previous studies in which an increase in ERM expression was
associated with reduced bleb formation and increased stiffness in
differentiated human mesenchymal stem cells (hMSCs)19,20,38.
Figure S2 shows a confocal time series demonstrating how initial
deformation of the actin cortex during micropipette aspiration is
rapidly followed by membrane detachment and breakdown of the
underlying actin in an hMSC transfected with LifeACT-GFP. The
resulting bleb then expands within the micropipette until a new
actin cortex forms within the bleb limiting further extension.
Although these images were obtained using hMSCs we suggest that
similar mechanisms occur in chondrocytes. In the present study,
the increased expression of ERMmay lead to the faster reformation
of the chondrocyte actin cortex following bleb formation. This may
explain the tendency for those cells that did bleb at P1 to display
multi blebbing behaviour rather than the single blebbing observed
at P0.
Thus the study shows, for the ﬁrst time, that the culture of
chondrocytes in monolayer leads to an up-regulation of ERM
expression which together with alterations in cortical actin
K. Sliogeryte et al. / Osteoarthritis and Cartilage 24 (2016) 912e920 919organisation increases membrane-actin cortex adhesion strength.
This reduces the susceptibility of cells to form blebs and hence
increases the apparent cell modulus obtained by micropipette
aspiration. Furthermore, the changes in membrane-actin cortex
adhesion during chondrocyte expansion may inﬂuence other
important cellular functions such as migration39 endocytosis40 or
differentiation38.
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